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Abstract 
 

Simulation of a wall jet in an enclosure performed to predict the effect of pulsation flow on 

improving the performance of mixing ventilation systems which are routine practices in industry. 

Comparing two flows with equal amount for constant and pulsation modes, it was found out that 

the same global airflow pattern exists for both of the cases but with generation of more eddies and 

local periodically velocity variations for pulsation mode. This periodic generation of turbulence at 

pulsatile ventilation flows happen despite the relatively low Reynolds numbers of such flows. 

Bigger size of boundary layer and higher turbulent kinetic energy for pulsation mode in comparison 

with the same flow rate in constant velocity mode could result in more ventilation capacity with no 

need to increase the use of energy. It was seen that while a higher constant velocity rate could 

produce the same acceptable results in terms of higher efficiency in ventilation, a lower pulsated 

flow could yields it without the risk of draught.  

Regarding the thesis procedure, the computational solution started with a grid independency study. 

2-Dimensional simulation failed to simulate the results similar to the experimental data. No 

URANS model was able to yield good outcome in 2D mode. The study was continued with 3D 

SST-kω which yielded good prediction of velocity profiles near the wall regions. For predicting 

turbulence parameters in the center of the domain SST-URANS was not helpful so, simulation 

switched to SAS which was successful to some extent to get close to reality.  
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1. Introduction  
This thesis is along with a series of investigations to develop a new technic for improving indoor 

air quality. To do so, a review of ventilation systems in use is useful.  

Thermal comfort and air quality are the two goals of any ventilation system. Depending on the 

situation, an elaborate design of a ventilation system is selected between mechanical (forced) and 

natural ventilation or a combination of both (hybrid ventilation) with selecting a suitable air 

distribution system among types of piston, mixing or displacement flow.[1] 

Between mechanical and natural ventilation methods, in industry, due to have much better control 

on air quality and thermal comfort, mechanical ventilation is preferred. Energy supply with one 

load-medium like air is a common type of design which is done by (Constant Air Volume) CAV, 

(Variable Air Volume) VAV or (Variable Volume-Variable Temperature) VVT HVAC systems. 

A simple but popular functional ventilation mechanism is a CAV system with mixing distribution 

system. In CAV system, the  air  quantity  delivered  from  the  air handling unit  to  each  zone  

remains  constant but load variation is dealt with by varying the temperature of the air supply to 

the room by reheating coils, automatic valves to change the primitive energy supply or mixing two 

air streams.[2] In mixing flow distribution, which is a better method for places with high rate of 

moving people in comparison with displacement flow, air is supplied either at the ceiling or at the 

floor and exhausted at the ceiling. This is done by supply flow jets which is a concentrated air 

supply type.[3] 

But some problems could be rose which diminish the effectiveness of this method. Draught, caused 

by temperature difference or high flow velocity, is related to thermal comfort and stagnation points 

regarding to air quality (Fig. 1). When, the ventilation air is not penetrating the whole room, which 

may give rise to unacceptable low air change efficiency[3] the room flow pattern experiences an 

area close to the center of rotation of the vortex as a stagnant region in the sense that the local mean 

age of air in that region is larger than the nominal time constant1[4], meaning that when nominally 

                                           
1 Local Mean age of air: for a group of particles the time which takes for them to pass through a room 

calculated from the time they enter until they leave is called mean age of air. This concept originates from 

local age of air for one particle: total time in the room (residence time) = time already in the room (internal 

age) + remaining time (residual life time) → footnote, next page 

→This concept can be used to determine the time which required for the fresh air to reach a point from the 

moment it enters the room.  
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the whole air in a room has changed, there are some points in the room which fresh air has not yet 

reached to them and takes longer time than the average nominal time constant. 

One way of decreasing the stagnation points is increasing the air flow rate, but this demands more 

supply power. Besides, a new room flow pattern caused by higher flow rate could rise the risk of 

draught even for isothermal supply air as mentioned before.[4] 

 

 

  

 

 

 

 

 Figure 1. Schematic flow pattern and stagnation location[4] 

To solve stagnation problem the contribution of the main flow stream in the room should increase. 

To do so, perturbation of the jet flow is of interest. One way is varying the volume of entering air. 

The concept of varying flow rate is not new and VAV systems have been in use for decades. The  

variable  air  volume  or  VAV  system  varies  the  air  quantity  rather  than  temperature  to  each  

zone  to  maintain  the  appropriate  room  temperature.[5] But this air volume increase and 

reduction has a maximum permissible level due to indoor air quality. Considering this fact that a  

typical  air  conditioning  system  operates at  part  load  up  to  95%  of  the  time[5] and since fan 

power is directly proportional to the cube of the volume flow rate, considerable saving in energy 

can be achieved at low thermal loads by using a VAV system. But even using a VAV system does 

                                           
Nominal time constant for a room in seconds is found from a knowledge of the air supply rate and the room 

volume as τn  = V/q0  = 1/Air Change Rate 
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not solve the problem of stagnation points since a volume change happens with long intervals, and 

depends on reduction or increase of volume the problem could weaken or get worse.  

Another idea is rapid varying flow rate to increase the local speed fluctuations of air. Having a 

periodic2 variation of the supply flow, a periodically varying momentum drives the flow into the 

room[4]. Sandberg visualized that vortices which are generated break up the stagnant region present 

in the base flow. This result was repeated by Sattari by means of Particle Image Velocimetry (PIV) 

technic.[3] From thermal comfort point of view, Wigö  [6] showed that this type of ventilation is 

beneficial and could reduce the energy demand since comfortable thermal condition is achievable 

by velocity variation due to remedy for higher supply temperature, which is even more beneficial 

in hot climate areas. 

1.1 Aim of the study 

The aim of the work described in this thesis report was to provide a basic and proper CFD model 

for a fundamental-experimental study on a small scale room model regarding changes by variable 

inlet flow by time. In previous experiments by traceable particle visualization and Particle Image 

Velocimetry [3, 4], a new technique has been discovered for improving the air flow pattern in a 

room and consequently the effectiveness of mixing ventilation systems by introducing a pulsatile 

flow in the ventilation inlet of a room. The result was an improvement which can increase the 

efficiency of a mentioned system by no considerable increase in energy consumption.  

A computational model then, as a complementary tool for further studies by modification of 

influential parameters in the base case, was needed for more probable discoveries. To achieve this 

goal, this work reports how the preparation of a numerical grid, finding a suitable turbulence model 

and introducing a variable flow by time were, to some extent, accomplished. 

 

 

 

 

                                           
2 Periodic flow occurs when the expected pattern of the flow has a periodically repeating nature.  
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2. Theory 
Like any other analysis program, Computational Fluid Dynamics could be a matter of, "garbage in, 

garbage out" if user does not know the theory behind each and every possible option to select.  

 

 

 

 

 

 

 

 

    Figure 2. CFD as an interdisciplinary topic 

A good knowledge of fluid mechanics, heat transfer (if any) and numerical modeling is inevitable 

for understanding computationally solving of a problem. Moreover knowing the function behind 

any option in a commercial code is necessary. In this regard, some aspects of fluid dynamics and 

numerical analysis related to the subject of this thesis are presented below.  

2.1 Turbulence concept  

When flow is stratified into layers with predictable behavior and probably some occasional natural 

disturbances which damp out quickly, it is called laminar flow. Here, the change of velocity within 

the fluid layers must be smooth. A step change of velocity is not possible because it would produce 

a locally infinite velocity gradient, and the shear stress required to maintain it would be infinite 

which is not possible.[7] 
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     Figure 3. Stratification concept of laminar flow[8] 

But in the case of getting agitated, flow starts experiencing sharp bursts of fluctuation until reaching 

fully turbulent state. In this mode even if flow appears steady on average but will reveal rapid, 

random fluctuations. The fluctuations, typically ranging from 1 to 20 percent of the average 

velocity, are not strictly periodic but are random and encompass a continuous range, or spectrum, 

of frequencies.[9] Turbulence is a feature of flow and not fluid with irregular, chaotic motion which 

causes higher diffusive transport of momentum and energy.  

Laminar and turbulent flows can be explained by Reynolds number well. In 1883, Osborne 

Reynolds, the British professor, showed that the difference between the two types of flows is 

explained by proportion of ρVd/ μ which is inertial forces to viscous forces. High Reynolds number 

means inertial forces are dominant and viscosity does not have enough effect to keep the particles 

of fluid in linear motion. In other words, turbulence happens when the timescale for viscous 

damping of a velocity fluctuation is much larger than the timescale for convective transport.[10]  

The agitated motions in turbulent flows which are usually unsteady swirling type are called eddies 

or vortices3. Turbulence is a 3-D phenomenon by nature since agitating mechanisms of vortex 

stretching and vortex tilting cannot happen in 2-D. Besides, turbulence is a decaying process and 

when kinetic energy from the mean flow enters to the biggest eddies, during their break up into 

                                           
3 Small eddies induce fluctuations of small velocity amplitude and high frequency, whereas large eddies 

induce fluctuations of large velocity amplitude and low frequency.  
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smaller eddies by inviscid processes, this energy is transferred until it dissipated into heat in 

smallest scale eddies by viscous action due to molecular viscosity. (Fig. 4) 

 

Figure 4. The energy cascade idea from large to small eddies[10] 

2.2 Boundary layer theory 

In fluid mechanics the term ‘no-slip condition’ refers to the relative velocity between the fluid and 

the wall which is zero. The relative velocity is zero because molecules, moving with random 

motions plus the mean fluid velocity, hit the solid wall and all the relative momentum is lost, being 

transferred to the solid wall. Molecules bouncing back into the flow slow down the fluid in the wall 

layer.[10] Due to viscosity, the next layer of fluid adjacent to the wall layer which is in stationary 

condition slows down and similarly, subsequent concentric layers of fluid that are further and 

further away from the wall are slows down but to a lesser and lesser extent and are thus able to 

move more freely.[7] This region is called boundary layer, despite of its small size, it has an 

important effect on flow behavior. In this region the velocity increases rapidly from zero at the wall 

to the free-stream velocity, in other words velocity gradient in boundary layer is big. By definition 

the thickness of boundary layer is taken as the distance required for the velocity to reach 99% of 

free stream velocity. Boundary layer could be laminar or turbulent by having unsteady swirling 

flows.  

Showing the thickness of turbulent boundary layer with δ, a distance from the wall up to 0.2δ 

represents inner region (wall layer) in turbulent flow near a wall which shrinks to two regions 

(Fig.5):  
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1. The inner most or viscous sub-layer layer with strong molecular viscosity where flow is 

almost laminar. 

2. Buffer sub layer or overlap layer where both turbulent and viscosity are important. 

3. And at 0.2δ < y < δ is fully turbulent sub layer where turbulent stresses becomes 

dominant. This layer is connected to the outer region where is independent of viscosity 

known as ‘velocity defect law’ discovered by Karman in 1933.[9] 

Figure 5. Sub layers in the inner region of turbulent boundary layer[10]  

 

2.3 Turbulence models 

Laminar flows are quite straightforward to solve and analytical solutions to handle them are well 

developed. But this is not the case for turbulent flows. They are characterized by rapidly varying 

random functions of time and space which have profound effect on fluid behavior and can change 

it all the time. At present our mathematics cannot handle these functions and there are no analyses 

which can simulate the fine-scale random fluctuations. But, there is something which can be done. 

Reynolds decomposition method provided a way to exit from this dead end. It proposed that the 

instantaneous variables could be split into a mean part and a fluctuating part where the fluctuation 

is defined as the deviation from its average value which represents turbulence (Fig. 6).  
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Figure 6. mean and fluctuating turbulent variables[9] 

 

This decomposition helps to solve flow motions statistically, meaning that by taking a time average 

over different timescales it is possible to obtain the mean flow properties and the mean of the 

fluctuations but not their rapid variations. 

Rewriting Navier-Stokes equations with decomposed variables which have two terms of average 

and deviation for velocity and pressure (and density for compressible flows) and taking a time 

average pops up additional terms which are known as Reynolds stresses. Therefore, there should 

be some additional equations to close the set of Navier-Stokes equations; semi-empirical equations 

known as turbulent models.[11] 

Another approach to deal with flow equations is filtering some time scales of fluctuations. Filtering 

small turbulent timescales is the basis of Large Eddy Simulation and time averaging is the principle 

of Reynolds Averaged Navier-Stokes or RANS turbulence models. (Fig. 7.) 

Turbulence models are based strictly upon empirical assumptions regarding the time mean of the 

turbulent stress field. By auxiliary equations, they permit the closure of the transport equations to 

take care of the fluctuating components. As a result they are usually called ‘closure equations’.[2]  

There is no universal turbulence model for flow simulation up to now. Models’ behavior usually 

differ for an identical problem which originates from their methodology to solve a specific problem. 

This is because, due to semi empirical formulation, they are written to manage specific conditions. 

As an example, standard K-ε model, as the most widely used and validated model in RANS family, 

among other weaknesses, is not good to predict characteristics of low Re regions’. For this type of 
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problems it is known that the k − ω turbulence model gives more correct results than the standard 

k−ε.[12] 

 

 

 

 

 

 

 

 

 

Figure 7. One-point representation of resolved turbulence timescales[10] Comparison of Direct Numerical 

Simulation with Large Eddy Simulations and Reynolds Averaged Navier-Stokes models. DNS solves 

everything in a flow and does not need any turbulence model. 

2.4 Governing equations 

This thesis is about an internal motion of a fluid (water) with constant density (incompressible) and 

constant viscosity surrounded by walls all over it. Isothermal condition is assumed which leads to 

have no energy equation to be solved. The only equations important to predict the behavior of the 

flow are continuity and momentum as:  

Continuity equation:       𝜕𝑢
𝜕𝑥⁄ + 𝜕𝑣

𝜕𝑦 ⁄ + 𝜕𝑤
𝜕𝑧⁄ = 0 

Momentum equation:      𝛒.𝑑𝑣
𝑑𝑡⁄ = −𝛻𝑝 + 𝝆g+ 𝜇𝛻2𝑣 

Due to microscopic analysis of the distribution of physical quantities in flow field, the equations 

take the form of partial differential equations (PDEs).[2] 

Anderson[13] explains the physical meaning of the equations above. Continuity equation is the 

expanded form of ∇.V which is divergence of the velocity; physically meaning the time rate of 

change of the volume of a moving fluid element per unit volume. For incompressible flow where 
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substantial derivative of density is already zero, divergence of the velocity satisfies mass 

conservation law alone.  

Conservation form of momentum equation mentioned above in vector form physically means that 

the rate of increase of momentum of fluid particle is equal to sum of forces on fluid particle (body 

force due to gravity and surface forces due to pressure forces and normal and shear stresses) 

Momentum equation in x direction: 

𝜌. 𝑑�̅�/𝑑𝑡 = −
𝜕�̅�

𝜕𝑥
+ 𝜌𝑔𝑥 +

𝜕

𝜕𝑥
 ( 𝜇

𝜕𝑢

𝜕𝑥
−  𝜌𝑢′̅2)+

𝜕

𝜕𝑦
(𝜇

𝜕𝑢

𝜕𝑦
 −  𝜌𝑢′𝑣′)̅̅ ̅̅ ̅̅ ̅̅ +

𝜕

𝜕𝑧
 (𝜇

𝜕𝑢

𝜕𝑧
− 𝜌𝑢′𝑤′̅̅ ̅̅ ̅̅ ) 

Applying Reynolds decomposition concept to momentum equation in three Cartesian directions 

results in nine stress terms which due to symmetry six unknown remains for turbulence models to 

take care:  

-𝜌𝑢′𝑢′,̅̅ ̅̅ ̅̅  − 𝜌𝑣′𝑣′̅̅ ̅̅ ̅̅ , −𝜌𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅, −𝜌𝑢′𝑣′,̅̅ ̅̅ ̅̅  − 𝜌𝑢′𝑤′,̅̅ ̅̅ ̅̅ ̅ − 𝜌𝑣′𝑤′̅̅ ̅̅ ̅̅  

 

2.5 Y plus and Law of the wall  

Recall the difference of sub layers in the inner region of a turbulent boundary layer, Prandtl in 1930 

found out that velocity in viscous sub layer (in vicinity of the wall) is independent from sub layer 

thickness. Later in 1933, Von Karman discovered that velocity in fully developed sub layer is 

independent from molecular viscosity due to dominance of inertial forces. Between these two parts 

of inner layer stands buffer layer. In 1937, Millikan showed that this layer could connect the two 

ends of inner layer (inside y<0.2δ) with a logarithmic linkage (Fig. 8).  

Applying dimensional analysis on these findings results as:  

Wall friction velocity (characteristic velocity scale)    𝑢∗ = √𝜏/𝜌 

Y plus            𝑦+ = 𝑦𝑢∗ 𝑣⁄  

U plus         𝑢+ = 𝑢 𝑢∗⁄  
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(𝑢∗ is not actually a flow velocity but has just the same dimension as velocity [LT-1]) 

 

  

 

 

 

 

 

 

       Figure 8. Different sub layers in boundary layer with y+ and 𝑢+ axes. [2] 

 

Based on experimental data the physical extent of each part of sub layer is as follows: 

 Viscous sub layer    0<y+<5 

 Buffer layer    5<y+<30 

 Fully developed layer              30<y+<400 

 

2.6 Steady state and Pulsatile flow in pipe 

Since the flow supply passes through a pipe in either steady or pulsatile case, the characteristics of 

the flow as the inlet for main domain are determinative. This necessitates to know about the 

behavior of the flow inside the pipe as well.  

In steady state, at some distance downstream (Entrance length) from the tube entrance, the flow 

becomes “fully developed”, where the boundary layers merge and the inviscid core disappears, 

referred to as “Hagen Poiseuille flow” or more commonly as “Poiseuille flow” (Fig. 9).  

The entrance length could be obtained as:  

Laminar:  Le/d ≈ 0.06 Re   

Turbulent:  Le/d ≈ 4.4 Re1/6  
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Here: Re=376<2100 → Laminar flow at pipe inlet 

d=0.009 m, Re=376 Le=0.203 m  

Considering a pipe with 0.2 m long before the main domain, approximately fully developed flow 

exists at the room model inlet. 

 

 

 

 

 

 

 

 

 

   Figure 9. velocity profiles in the entrance of a duct flow[9] 

 

The maximum velocity in Poiseuille flow (at tube axis) is twice the average velocity and fluid 

elements have reached their ultimate speed and are moving with constant velocity.[7] 

In brief, in steady flow through a tube just the pressure varies linearly (dropping). After entrance 

length, all other properties of the flow field including velocity does not change with stream wise 

coordinate x. 

When the flow in a tube is pulsatile, fluid elements in all regions of the tube are being accelerated 

and decelerated by the oscillatory driving pressure simultaneously. It means by a varying pressure 

by time, flow properties within the tube become functions of time too but not functions of the 

stream-wise coordinate x. A pulsatile flow equation is divided to two parts: The nonzero mean 

value of pressure which producing steady Poiseuille flow within the tube, while the remaining part 

of the pressure will be purely oscillatory. These parts can be treated separately and the results are 

then added due to linearity of governing equations for fully developed flow in a tube. The fluid 

moves in tandem at all positions along the tube.  



 

  Page | 13  

 

 

 

 

 

 

 

 

Fig. 10. Velocity is changing in time at fixed positions in space within the flow field. Acceleration and 

deceleration are occurring in time. The velocity field is entirely independent of the stream-wise coordinate 

x along the tube [7] In other words velocity  is  constant  in  the  direction  parallel  to  the center  line at a 

moment.[14] Also, it is worth to know that the pressure does not change across a section of pipe, but changes 

with time and x. 

 

Due to inertial effects, the peak velocity in oscillatory flow is lower than that in Poiseuille flow. 

This effect is related to a non-dimensional number named Womersley number, a frequency 

parameter for pulsatile flow, represents a ratio of transient to viscous forces, just as the Reynolds 

number represented a ratio of inertial to viscous forces. The Womersley number may be written as:  

  

Ω = √
𝜔

𝑣
 

Where ω is the fundamental frequency, r is the tube radius and ν is the kinematic viscosity of the 

fluid.  Here in this thesis, by r=0.0045 m, ω=п and ν=1.004x10-6 m2/s   ─» Ω=8 
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Figure 11. Velocity profiles at peak pressure gradient (ωt=0) in pulsatile flow. Different values of the non-

dimensional frequency parameter Ω are indicated on individual curves. The bold curve represents the 

velocity profile in Poiseuille flow.[7]  

 

In higher-frequency flows, the flow profile is blunter near the centerline of the vessel since the 

inertia becomes more important than viscous forces. But near the wall viscous forces are still 

important.[15] 

As exact solution for the velocity, distribution in steady Poiseuille flow is:  

𝑢 =
1

4𝜈
 (𝑎2 − 𝑟2) [ − 

1

𝜌

𝜕𝑝

𝜕𝑥
 ] 

And for pulsatile flow Uchida[14] showed that pressure gradient split to mean pressure gradient 

and oscillating pressure gradient. 

(−
1

𝜌
 
𝜕𝑝

𝜕𝑥
) =

1

𝜌
< −

𝜕𝑝

𝜕𝑥
> +  

1

𝜌
(−

𝜕𝑝

𝜕𝑥
)ˊ 

 

2.7 Mathematical aspects of pulse 

From mathematical view point, a continuous oscillation (periodic change) between a minimum and 

a maximum amount could be expressed by Fourier series. The first harmonic, i.e., the frequency 

that the time domain repeats itself, is called the fundamental frequency.  
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𝑥(𝑡) = 𝑎0+ ∑ 𝑎𝑛cos( 2𝜋𝑓𝑡𝑛) −  ∑ 𝑏𝑛 

𝑛

𝑛−1

𝑛

𝑛−1

sin( 2𝜋𝑓𝑡𝑛) 

When:  

𝑎0 =
1

𝑇
∫ 𝑥(𝑡)𝑑𝑡 

𝜏/2

−𝜏/2

     𝑎𝑛 =
2

𝑇
∫ 𝑥(𝑡)

𝜏/2

−𝜏/2

 cos[ 
2𝜋𝑡𝑛

𝑇
] 𝑑𝑡       𝑏𝑛 =

−2

𝑇
∫ 𝑥(𝑡)

𝜏/2

−𝜏/2

 sin[
2𝜋𝑡𝑛

𝑇
] 𝑑𝑡 

Any periodic signal, x(t), can be represented from sine and cosine waves with frequencies that are 

multiples of the fundamental, f. The ‘a’ and ‘b’ coefficients hold the amplitudes of the cosine and 

sine waves, respectively and T is the period of the signal calculated from 1/f.[16] 

Two forms of wave are of interest: pulse form and Cosine wave. 

  

   Figure 12. time domain waveforms of Pulse and Cosine[16] 

 

The duty cycle of the waveform (the fraction of time that the pulse is "high") is thus given 

by d = k/T. For pulse, corresponding equation is obtained by: 

 

𝑎0 = 𝐴𝑑, 𝑎𝑛 = (
2𝐴

𝑛п
) ∗ sin(𝑛п𝑑),  𝑏𝑛 = 0 

For cosine wave substituting a1=A and assigning all other coefficients as zero in Fourier series 

gives rise to corresponding equation.  

In PIV investigation of pulsatile-flow-effect on ventilation quality, a handmade mechanical pulse 

generator was used. The mechanism had a DC motor attached to a turning wheel by an off-axis 
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connection to a jaw to make an oscillating push on a water tube toward the inlet. This kind of 

oscillation distinguished as Cosine form resulting the movement of fluid under periodic pressure 

to be cosine and the velocity in sine format. What happens in water tube is a constant  flow velocity 

all over the tube changing just by time and radial distance and not with x direction. So, a Sine 

velocity wave forms in water inside the tube.  

Mostafa et.al.[17] showed that a sinusoidal displacer provides fluid displacement as: 

𝑥𝑚 =  
𝑥𝑚𝑎𝑥

2
 (1 − cos (𝜔𝑡)) 

Where xm is cross sectional mean fluid displacement, ω is the angular frequency, t is the time and 

xmax is the maximum fluid displacement.  

By differentiating fluid displacement equation with respect to time the cross-sectional mean 

velocity of unsteady flow obtained as:  

𝑢𝑡(𝑡) =  𝑢𝑚𝑎𝑥 sin(𝜔𝑡) 

Where ωt is the phase angle of the cross sectional mean velocity of unsteady flow. It follows that 

the maximum cross-sectional mean velocity of unsteady flow is:  

𝑢𝑚𝑎𝑥 =  
𝑥𝑚𝑎𝑥 𝜔

2
 

Having the cross-sectional mean velocity of steady flow as us it is possible to rewrite the cross 

sectional mean velocity of pulsatile flow (due to linearity) as:  

�̅�(𝑡) = 𝑢𝑠 +  𝑢𝑡(𝑡)  

2.8 Wall treatment and low Re number 

In the vicinity of a wall, in the inner layer particularly viscous and buffer sub layers, viscous effects 

are large and cause rapid variation of the flow variables within this region. The problem is that, 

there are some turbulence models which are not valid in the viscosity affected near-wall region 

such as standard k-ε. For some models with the possibility to handle rapid variations there should 

be a fine mesh near the wall to capture rapid variations; these impose a large need of computational 

source and time.  
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To model the near-wall region named wall treatment, it is possible to select either of solutions:  

1. Ignoring near-wall fine meshing and considering empirical rules (wall functions) based on the 

logarithmic law of the wall to estimate intended fluid properties like mean velocity components 

and turbulent quantities, such as k, ε, etc., at the first grid point far from the wall. This takes 

near wall effect into account without solving it. Wall functions are divided into two categories:  

 

a) By assuming a constant total shear stress (viscosity stress plus turbulent stress) in the inner 

region of the boundary layer and local equilibrium hypothesis between turbulence 

production and dissipation, logarithmic law of the wall is applied. This is called “Standard 

wall function”. This method needs to have the first grid point to be solved where it is located 

out of wall layer near the lower bound of log-law region. In dimensionless distance term y+ 

should be bigger than 30. So, it leaves cells with y+ < 30 to be predicted not solved. 

 

b) When the two hypotheses above are in doubt, like in the presence of adverse pressure 

gradient which reduce wall shear stress, Non-equilibrium wall function is used which is 

consist of a log-law for the mean velocity sensitized to the pressure gradient effects.  

 

Wall Functions are damaging for flows at low to medium Reynolds numbers and should be 

avoided.[18] This fact considered in this thesis work. 

2. Using Modified turbulence models which eliminates the use of wall functions by solving  

viscosity-affected region.[10] This method which needs fine mesh resolution categorized to: 

 

a) Two layer zonal modeling (Enhanced wall treatment) which divides fully turbulent and 

viscosity affected regions to solve them separately by different models.   

 

b) Low Reynolds number turbulence models are also valid and solvable in the viscous wall 

region. These models preform a ε damping for turbulent viscosity and transport equation. 

Despite its name, this method is not useful for flows with a low global Reynolds number 

but they are good for simulating low-Re regions of boundary layer.  
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3. Method  

3.1 Case description  

The study was performed by ANSYS Fluent software to find the possible difference of a steady 

flow behavior and a pulsatile flow behavior with respect to ventilation quality in occupied zone in 

a room model. The specifications of the room model and flows’ characteristics are mentioned 

below. (Fig. 13) 

 

Figure 13. Schematic model at solution process for pulsatile flow 

 Dimensions: length = 0.3 m, height = 0.2 m, width = 0.01 m, pipe diameter = 0.009 m 

 Constant flow rate = 0.16 lit/min interpreted to cross sectional mean velocity as 0.042 m/s 

in both steady and pulsatile flows (Re=376) and constant flow rate = 0.24 lit/min as 

Re=564 

 Pulse Frequency in pulsating mode = 0.5 cycle/second (Hz) 

 A tube approximately 20 cm long to lead water into the main domain in both cases. 
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Based on facts mentioned in ’Mathematical aspects of pulse’ section, the sinusoidal equation of 

flow in pulsating mode for velocity was calculated as:  

 

𝑓 = 0.5 𝐻𝑧,   𝜔 = 2п𝑓 →  𝜔 = п  rad/sec 

 

Assuming maximum fluid displacement equals to maximum jaw displacement as 0.0081 m: 

 

𝑢𝑚𝑎𝑥 = 0.0127 𝑚/𝑠 

�̅�(𝑡) = 𝑢𝑠 +  𝑢𝑚𝑎𝑥 sin(𝜔𝑡) = 0.042 + 0.0127 ∗ sin (3.142𝑡) 

 

3.2 Numerical grid  

The study performed in both 2-D and 3-D modes. Due to better obtained result and prediction of 

3-D models, the emphasis was on this type of geometry. The geometry of the case was quite easy 

to draw, a rectangle and a pipe, but the tricky part was coping with mesh production process for 

cross-section of a pipe in 3-D mode. Fig. 14 shows three models to find the best aspect ratio. 

 

 

 

 

 

 

Figure 14. Quadrilateral mesh with Map scheme for inlet and outlet faces. Right structure selected due to 

better aspect ratio 
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There are two points to consider carefully in grid production process: 

 The quality of the mesh (explained as 1) 

 The Number of cells      (explained as 2) 

 

1. Gambit software has quite flexible options to generate mesh for any type of faces and volumes, 

even for disordered and irregular geometries. But, depending on mesh type, there are some 

checking processes which should be performed like skewness, aspect ratio, smoothness and etc. on 

meshes.[19] 

Hirsch et al. expressed that hexahedral cells are preferable to tetrahedral ones since it introduces 

smaller truncation errors and display better iterative convergence[20]  

Luckily, in this case for face meshing “Quad” elements in combined with “Map” scheme type was 

a crystal clear choice. For volume meshing “Hexahedral” elements selected with again Map scheme 

type to have regular, structured grid of hexahedral mesh elements. 

 

Figure 15. Meshing element types for face and volume (Wikipedia) Red arrows shows High-aspect-ratio 

meshes which permit large aspect ratio without affecting skewness considerably 

While skewness (less than 0.95) or squish index (less than 0.99), both between 0 to 1, are more 

useful for triangular/tetrahedral mesh to check the difference of a shape with its equilateral one, 

aspect ratio does the same work for quadrilateral/hexahedral cells. Inside the boundary layer, aspect 

ratio could be 10:1 and in bulk flow away from walls it is recommended up to 5:1. 

In this study, Equi-size skewness showed 80% of cells between 0 to 0.1 and 96% of all cells with 

skewness less than 0.4. The aspect ratio check in 2-D showed 5:1 and 10:1 for bulk flow and 
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boundary layer respectfully, although in some places in boundary layer the aspect ratio was up to 

15:1 which could be neglected due to stability of the flow solution.  

2. Apart from discretization method, FVM, FDM or FEM, the strategy in CFD is defining a 

continuous domain in discrete way and calculate property changes in each cell. So it is normal for 

results to be dependent on the density and distribution way of nodes in a mesh. Then here, the task 

is to find an optimized mesh resolution to avoid unneeded computation and on the other hand poor 

results, especially for turbulent flows. This process, so-called making solution gird independence, 

is explained later in this report. So, The grid has to be fine enough to capture the important physical 

phenomena like shear layers and vortices with sufficient resolution.[21] 

Based on literature reviews mentioned in ‘Wall treatment and low Re number’ section, depending 

on which near-wall model being used, mesh resolution should be proportionate. Two wall treatment 

approaches tested in this study: Enhanced wall function and Low Re number. Standard Wall 

functions were not considered due to the intention for obtaining accurate velocity profiles in the 

boundary layers.  

 

 

 

 

Figure 16. Room model’s central area between two cell dense horizontal black stripes in the left picture 
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3.3 Computational setup 

 Due to robustness, economical reasons and reasonable accuracy, Eddy Viscosity Models 

(EVMs) in RANS class are widely used in CFD[22] and selected for this study as the first 

choice consequently. Four URANS models checked in 2-D to find the suitable one for the 

problem (for their capability of solving equations down to the wall regions) and the best of 

them regarding to obtained results selected to continue the study in 3D mode.  

 Spalart Allmaras (one equation (k) Low-Re model) with enabled options as: 

o low RE Damping 

o “Curvature Correction” option to sensitize turbulent terms to streamline curvature 

 K-ε RNG with: 

o Enhanced wall treatment (blending the linear (laminar) and logarithmic (turbulent) 

laws-of-the-wall) 

o  “Differential Viscosity Model” option, enabled to account for the Low-Reynolds-

number effects 

o Default swirl modification (disabled) 

o Curvature Correction (disabled)  

About K-ε models, both RNG and Realizable K-ε models tested. Previous studies showed 

that these two modified models have considerably better predictions than Standard form 

and based on studies up to now the realizable model provides the best performance of all. 

For example, Cehlin [23] showed that RNG has the capability of simulating flow motions 

close to experimental data. Both of these models were used to solve the problem in 2-D 

mode in this thesis. Curvature correction option was disabled in these two models since 

they have their own terms for including rotational or swirl effect.  

Varghese showed k–ω is a good model for pulsation flow in stenosis vessels.[24] So: 

 SST K-ω (Low-Re model, integrated enhanced wall treatment) 

o “Low-Re corrections” option to damp the turbulent viscosity4, which is not 

recommended usually but used here in later tries 

                                           
4 Turbulent viscosity or eddy viscosity is a coefficient to relate Reynolds stresses to the mean velocity 

gradients linearly due to approximate Reynolds stresses. This is used widely in RANS models known as 

Boussinesq approximation. 

http://www.gre-ehn.ete.inrs.ca/H2D2/contenu_documentation/glossary-1/glossary#turbulent_viscosity
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o  “Curvature Correction” option (enabled) 

      This model solves two PDEs: 

A modified version of the k equation used in the k-ε model and a transport equation for ω. 

Then turbulence viscosity is calculated by:      𝜇𝑡 = 𝜌
𝑘

𝜔
 

About K-ω models, it should be mentioned that solution in the standard form is relatively 

sensitive to the free stream values of k and ω outside the shear layer, although this downside 

point reduces by “Shear flow Corrections” option to improve the accuracy in predicting free 

shear flows[18] but SST model is more recommended.  

 For both constant-velocity and pulsation flows, transient mode with pressure-based solver used 

in combined with PISO solution method. The Pressure-Implicit with Splitting of Operators 

(PISO), belong to the pressure-based segregated algorithm category, used since it satisfies the 

momentum balance faster than SIMPLE scheme which dramatically decrease the number of 

iterations for convergence. 

 By having proper initial data, convergence happens faster. Keeping this fact in mind, solving 

constant-velocity flow problem in transient mode performed after obtaining a converged 

solution for this problem in steady mode with SIMPLE scheme. For pulsation flow, transient 

calculation performed based on converged solution of constant-velocity problem in transient 

mode. This strategy saved a lot of time due to need for fewer iterations and Courant number 

checks for finding suitable time step.  

 “For a stable efficient calculation with URANS models, the Courant number should not exceed 

a value of 20-40 in most sensitive transient regions of the domain”[18]. Time step could be 

found based on a recommendation in ANSYS-help that convergence should obtain between 5 

to 10 iterations while the Courant number is in the correct range. Following this structure helps 

to be sure about ∆t which should be smaller than the smallest time constant in the system being 

modeled. Besides, after finding a suitable time step, activating Non-Iterative Time-

Advancement Scheme reduced convergence time in unsteady mode a lot.  

                                           
Molecular viscosity is the measure of the resistance of a fluid deformed by shear stress or extensional stress. 

Water viscosity is 10-6 m2/s. 

Numerical viscosity is application of numerical diffusion to the components of the momentum vector to 

make it smooth, like the case in shock waves. 

http://en.wikipedia.org/w/index.php?title=Numerical_viscosity&action=edit&redlink=1
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 Implicit time integration method used which requires iterations within the time steps[21] in 

contrast to explicit method which each iteration is a time step.  

 In pulsation mode, the time step was calculated by dividing the time period with the number of 

iterations required for convergence during each time step, that is, 2 (seconds) /20 (iteration) = 

0.1s. Due to sharp instabilities in the beginning, time step was set to 0.001s and after some 

iterations changed to 0.01 and not 0.1s to have the solution converged between 5 to 10 iteration.  

Two approach followed to get accurate data at the main domain inlet: 

 First, running solution process for connected tube and room model as one attached model 

 Second, solving problem for tube and room model separately which led to use steady and 

transient velocity profiles. (See Appendix 1 for Transient profile) 

The results presented in this report are based on the former approach.  

 This thesis work tried to obtain two quantitative results: first, predicting similar data as the 

experimental data for boundary layers and second, turbulent kinetic energy changes over a 

specific interesting line known as ‘occupied zone’. As it will be shown in the result, studied 

RANS turbulent models could not predict the trend of changes for turbulent kinetic energy in 

the desired area. This behavior could be due to the time averaging procedure of these models 

which eliminates all turbulence content from the velocity field.[25]. So, in an attempt the 

turbulence model switched to Scale Adaptive Simulation. This is a usual practice when either 

additional information is needed or more accuracy is required than RANS results. Previous 

studies are shown that RANS models are strong in predicting wall-bounded flows and for free 

shear flows like the one in the ‘occupied zone’ their performance are less uniform. SAS as a 

Wall-Modelled LES turbulence model is a hybrid model which solve the near wall areas 

(innermost boundary layer) by SST-Kw and in the areas away from walls switches to LES to 

resolve large eddies. 

Computational setup for SAS was done clearly in transient mode with pressure-based solver, 

SIMPLEC scheme, least square cell based for gradient discretization, second order for pressure 

discretization, bounded central difference for momentum to minimize the numerical dissipation 

and finally bounded second order implicit for transient formulation. The initial data for SAS 

provided from a converged SST-Kω simulation.  
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And finally, in the post processing step, with the residual tolerance set as 1e10-6, the mass flux 

balance checked for converged cases was satisfactory and around 10-11; consider that the net mass 

imbalance should be a small fraction (say, 0.5%) of the total flux through the system[18]. In the 

case of having a flow rate as 0.16 lit/min equals to 2.67e10-3 kg/s the mass imbalance allowed 

between inlet and outlet should be less than 1.3e10-5 which is 10-11 as said before. 

3.3.1 Inlet boundary condition 

To start solving constant-velocity flows with an initial data, values like turbulent kinetic energy or 

turbulent dissipation rate are needed. An alternative is providing turbulent intensity then Fluent 

calculates required parameters based on that.  

The turbulence intensity is defined as the ratio of the root-mean-square of the velocity fluctuations 

to the mean flow velocity. Assuming a fully developed flow in pipe before room model, the 

turbulence intensity at the venter of the pipe can be estimated from famous empirical formula as:  

𝐼 ≡  𝑢′

𝑢𝑎𝑣𝑔
⁄ =  0.16 𝑅𝑒

−1
8  

For Re = 376 → I = 7.62% 

For Re = 564 → I = 7.25% 

 

If the upstream flow is under-developed and undisturbed, a low turbulence intensity can be assumed 

considering 1% assumed to be low turbulence intensity and 10% assumed to be high. 

3.3.2 User Defined Function (UDF) 

Unsteady flow can be periodic or aperiodic in nature[24] which here the first one is the case. 

In the current study, base flow rate was constant and a pulsated inflow with a frequency of F=0.5Hz 

was introduced.[26] To simulate pulsation, a User Defined Function was written to produce a 

sinusoidal velocity profile (periodic boundary condition) as an initial condition for the pipe inlet 

before the main domain. (UDF code, Appendix 2) 
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The frequency of pulsation flow was 0.5 cycle per second which means 2 seconds for each complete 

period. Moreover, the time delay between every two chronicle experimental data records is 2 

seconds. Since the start time for the recording process in the experiment in respect to the shape of 

pulse is known, it is hard to find out which moment has to be picked for time statistical analysis in 

numerical study. In addition, due to the mechanical handmade pulse generator the exact form of 

imposed pulse to the fluid was unknown. The study performed by having a sine wave with an 

assumption for two parts, one as constant velocity and the other as a periodic variation term. After 

convergence, time statistical data was compared with the averaged experimental ones. The 

procedure was to manipulate and later to modify the two mentioned velocity parts to get closer 

results to desirable references (experimental data). This was done by extracting time statistical data 

from converged cases in every two seconds. The challenge, as mentioned, was to find a suitable 

time to start data recording with the software. 10 different cases were checked. Presented results 

were obtained from two of them under section 4.2.2.2. 

 

Figure 17. Velocity condition over a period of 2s 

Red line: u(t) = 0.042 m/s corresponding to Q = 0.16 lit/min 

Green curve: u(t) = 0.042 + 0.0127 * sin (3.142 * t) (The base case, mentioned in section 3.1) 

Blue curve: u(t) = 0.042 + 0.0285 * sin (3.142 * t) (The case which results are based on) 

Frequency is the number of cycles per unit of time, measured in cycles per second (cps) or the 

interchangeable Hertz (Hz). Here frequency is f = 0.5 1/s which equals to angular frequency as: 

ω = 3.142 (pi) rad/s and T = 2s that was showed on diagram 
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3.4 Grid independency  

Numerical solutions should be independent of grid resolution, meaning that the number of cells 

and the rate of cell size growth should be able to capture the possible flow behaviors. Having more 

cells and finer grids than needed on the other hand is the waste of time and computational resources. 

The way of doing a grid independency study is, converging a problem with the same specifications 

for different models regarding mesh resolution. In comparison with experimental data, in case of 

obtaining more accurate results for a finer resolution between a course and a fine meshed models 

the fine mesh should be considered as the base case and this study should be repeated between the 

fine and a new finer model until the results are not considerably different. At this point, the grid 

independent model would be the model with the course grid. When the solutions are less sensitive 

to the spacing grid, independency is satisfied.[27]  

For 2-D simulation, due to the need for solving motion equations just over a surface, since time 

and the computational resource did not impose any constraint, a very fine mesh created (a model 

with 376000 cells) and grid independency study did not performed, although the first cell size and 

y+ was considered.  

Some mesh resolutions made in 3-D mode and checked to test the grid independency of the results. 

The first set of three grid models had 3.6 million, 2.5 million and 1.8 million with 2.5 million-cell 

model as the base case. The study started with models with excessive fined mesh. Since there was 

no big difference between the results of the first set, the study continued with 1.4 million and 600 

thousand cell models. The refinement had to be compromised with computational resources so, 

among models with 1.8 million, 1.4 million and 600 thousand cells the middle one selected based 

on the results. The reason is showed in ‘Results and Discussion’ section. In this study, boundary 

layer covering performed the same to all cases to solve the happenings near walls and to satisfy y+ 

condition as y+≈1; with the least first node distance from the nearest wall as 100 μm and 0.0006 as 

interval size which yielded y+=1.02.  

The study in 3-D mode performed by running a constant velocity case with exact specifications for 

five different models regarding mesh coarseness. The specifications were SST-Kω turbulent model, 

0.042 m/s inlet velocity corresponding to 0.16 lit/min and second order upwind discretization for 

different parameters.  
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3.5 Experimental data 

A PIV visualization and analytical study conducted by Amir Sattari5 resulted in a set of 

instantaneous velocity vectors in a 2D small scale domain. Provided data was in the form of velocity 

magnitudes for selected points in the domain in two Cartesian dimensions with 2 seconds time 

delay between their records. The experimental data which used in this thesis was therefore an 

average value among all the records for each interrogation area in the domain. The area downstream 

inflow, called R1 (figure 19), was divided into 60 pieces on each direction which resulted in 3600 

small area to record instantaneous velocity vectors.[28] 

 

4. Results and Discussion 

Eddy Viscosity Models should be evaluated with experimental data since they are based on 

simplifications known as Boussinesq approximation.[22] The first step in a valid simulation should 

be the definition of the target variables. These should include the variables that are representative 

of the goals of the simulation and those that can be compared with the corresponding 

experiments.[21] This was done by checking the velocity profiles in the boundary layer and 

turbulent kinetic energy in occupied zone. 

4.1 Independency results 

Below, in mentioned distances from the inlet area, comparison was performed by visual 

observation. Two sample out of six vertical lines selected to compare the cases as X/D, 8.3 and 

22.2. Looking carefully to velocity profiles (Fig. 18), it is obvious that the model with 1.4 million 

cells has the closest results to the experiment than the other models, the maximum amount of 

velocity on X/D = 8.3 is around 0.07 m/s while simulated result shows a maximum velocity around 

0.066 m/s. The same explanation is possible for X/D = 22.2 where the velocity profile for 1.4 

million cell model is the most similar one to the experimental data.  

                                           
5 Researcher at University of Gävle 

Contact: Amir.Sattari@hig.se 
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Figure 18. Boundary velocity profiles for five cases with different mesh resolutions solved with exactly the 

same specifications.  

4.2 Validation studies  

The experimental data provides comparison for constant and pulsatile velocity cases in two regions 

(Fig. 19). These data were used for validating of simulations; velocity profiles at R1, Turbulence 

Kinetic Energy (TKE) and Absolute mean x directional velocity component at R2-R3.  

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Y
 (

M
M

)

MEAN VELOCITY (M/S)

MEAN VELOCITY PROFILE COMPARISON AT 

SPECIFIED LINES

X/D=8.3(0.6 million cell)

X/D=22.2(0.6 million cell)

X/D=8.3(1.4 million cell)

X/D=22.2(1.4 million cell)

X/D=8.3(1.8 million cell)

X/D=22.2(1.8 million cell)

X/D=8.3(2.5 million cell)

X/D=22.2(2.5 million cell)

X/D=8.3(3.6 million cell)

X/D=22.2(3.6 million cell)

 X/D=8.3(Experiment)

  X/D=22.2(Experiment)



 

  Page | 30  

 

 

Figure 19. Representation of the main domain and interested areas for validation study [26, 29] 

4.2.1 Two dimensional study  

For 2-D simulation mode, four EVMs (eddy viscosity models) tested; Spalart Allmaras, K-ε RNG, 

K-ε Realizable and SST K-ω. Neither of them had the ability to predict acceptable mean flow 

characteristics.  (Fig. 20) 

 

Figure 20. Velocity profiles for different turbulence models at x = 39.6 mm from inlet area 

Apart from which turbulence model was used, simulation of the problem in two dimensional mode 

did not yield satisfactory results. Yet, among all the turbulence models the closet result was belong 

to Kω-SST model. Looking at Fig. 20, it was seen that in the region near to the wall, the velocity 

was lower than the measurement data and outside the boundary layer, it was over predicted. 
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Figure 21. Counter of Velocity magnitude for Q1 = 0.042 m/s in the absence of pulse (normalized by Q2 = 

0.063 m/s) (left) and velocity vector filed illustrated based on experimental data (right) [3, 30] 

By checking Fig. 21 it is seen that the two-dimensional prediction of mean characteristics tends to 

capture the real physical behavior of the flow, but still it has considerable deviation from the real 

situation in the central part of the domain. This could be the result of removing the effect of other 

walls in 2D domain. The results for two dimensional simulation are usually weaker than three 

dimensional simulation.  

 

 

 

 

 

 

 

 

 

 

Figure 22. Two dimensional velocity vector prediction for Q1 = 0.042 m/s in the absence of pulse which 

depicts a strong backflow in the middle of the room which is not correct comparing to the real flow. 
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4.2.2 Three dimensional study 

Not only by observing the behavior of different RANS models in 2D case but based on previous 

studies mentioned on literature review, SST k-ω selected as the workhorse for continuing with 3D 

simulations. Later, simulations continued with SAS model to capture the TKE changes.  

Based on provided experimental data for zone R1 (6 cm length), four vertical lines with 2cm 

interval selected to evaluate SST k-ω predictions.  

4.2.2.1 Constant velocity results  

The results for Q1, equals to 0.16 lit/min with constant velocity, are as below: 

  

 

Figure 23. Average x velocity profiles in constant flow (Q1) equals to 0.16 lit/min (Re=376) Experimental 

data was averaged among 100 time samples[28] 
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The results for Q2, equals to 0.24 lit/min with constant velocity, are as below: 

 

Figure 24. Average mean velocity profiles in constant flow (Q2) equals to 0.24 lit/min (Re=564) 

Experimental averaged data was taken by 100 time samples[28] 

The outcome of running the two steady cases above did not show considerable difference between 

steady and unsteady simulations. Besides, the prediction of fluid behavior in the regions near the 

wall (boundary layers) for the SST k-ω and SAS was more or less identical. But as it will be shown 

later, the RANS model could not yield the turbulent kinetic energy rate of change at the occupied 

zone.  
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Bellow there are two normalized velocity vectors by the amount of Q2. They have counter speed 

as background and velocity vectors with the same scale (100, 1 skip) for Q1 and Q2 respectively. 

The velocity vectors heading more strongly into the middle of the room in Q2 inlet velocity case 

meaning that they are improved in terms of magnitude.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Vector filed at Q1case with counter velocity as background, normalized with Q2 for 

experimental data (above) [3, 30] and numerical prediction (below) at z = 0.005 m 
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Figure 26. Vector filed at Q2 case with counter velocity as background, normalized with Q2 for 

experimental data (above) [3, 30] and numerical prediction (below) at z = 0.005 m. The stronger vertical 

main stream at the right side of the model stems directly from the horizontal inlet wall-jet. 
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In both of above constant cases, as seen in figures 25 and 26, the majority of the ventilation capacity 

leaves the room with no contribution in ventilation purpose. One way to achieve a better ventilation 

is, increasing the inlet velocity, as it was the case in Q2, but this way apart from the need for more 

initial energy consumption has some limitations due to risk of draught.  

Below there are the predicted path line patterns for the two constant velocity cases: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Path line pattern for constant inlet velocity Q1 above (a) and Q2 bellow (b) 
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4.2.2.2 Pulsatile velocity results 

As explained in section 3.3.2, two of the wave equations, considered separately as initial conditions 

for inlet area, yielded closer results to experiment as: 

The blue line (first wave) represents: u (t) = 0.042 + 0.0285 * sin (3.142 * t) 

The black line (second wave) represents: u (t) = 0.042 + 0.0385 * sin (3.142 * t)    

The turbulence model for simulation in both cases above was SST-Kω. 

Figure 28. Average mean velocity profiles for pulsatile flow (Q1= 0.16 lit/min, 0.5 Hz frequency).  

Experimental averaged data were taken among 100 time samples[28] 

 

The equation with blue line was selected for illustrating qualitative figures in the remained part of 

the study hereinafter.  
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Figure 29. Velocity profiles at constant and pulsatile flows in Q1 = 0.16 lit/min 

By comparing the size of velocity profiles for constant and pulsatile flows, it can be easily seen that more 

medium is engaged into the boundary layer of pulsated inflow which enables it to grow faster. This 

growing stream is a positive effect for mixing ventilation system due to stronger circulation of flow in the 

room. [26] The first wave equation is: u(t) = 0.042 + 0.0285 * sin (3.142 * t) 

 

 

 

 

 

 

 

 

Figure 30. An instantenous path line pattern for pulsatile inlet velocity Q1 with 0.5 Hz frequency 

 

As seen pulsation flow creates a periodic generation of turbulence in the model. In comparison with 

figure 27.a, it is seen that the same global airflow pattern exists as at the steady state flow but with 

periodically local velocity variation [4] which shows itself in the above picture by vortex 
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generation. Moreover, Sandberg showed that for a wave with 2s oscillation period, normal 

coefficients of T=1.5s are the moments of local vortex generation since velocity starts increasing 

again where mathematical sign of acceleration changes from negative to positive.[4] This 

corresponds to Varghese discussion that the turbulence intensity is lower during the accelerating 

phase of a transient flow and increases during the decelerating phase. This behavior is attributed to 

time delays in the response of turbulence production and energy redistribution.[24] 

  

 

 

 

 

 

 

 

 

 

Figure 31. Instantaneous velocity fields for experiment data[30] (row above) and numerical predictions (row 

below) at an area located in the center of the domain. From left to wright: constant velocity Q1, constant 

velocity Q2 and pulsatile velocity Q1 

 

The figure above shows that by applying the pulsated supply, the majority of velocity vectors at 

the far-field domains grow due to the fact that the flow becomes agitated and displays more 

perturbation[30].  

And finally, as mentioned before, the whole idea of pulsatile flow for mixing ventilation is higher 

efficiency at an area known as occupied zone where occupants in a room are affected there more 

than other areas. A line with ¾ height of the room assumed to represent the desired area for 

ventilation (y=0.1513m).  
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The study continued with SAS turbulence model since, in the RANS approach only the mean flow 

was computed with the effect of all the turbulent eddies being modeled. Scotti et al. [31] argued 

that RANS turbulence models are in reasonable agreement with the DNS and LES for the velocity 

profiles over a cycle for pulsation flow, but they have different predictions for other turbulence 

parameters such as Reynolds shear stress, turbulent kinetic energy, and dissipation rate. In this 

work, for the prediction of turbulent parameters in central part of the domain, the SST URANS 

model yielded the unsteady fluctuations close to zero all over the area in the occupied zone. But 

the SAS model yielded them larger and close to the experiment. The mentioned observation in this 

study was studied for a similar case by Davidson and explained as the effect of SAS term in the ω 

equation by increasing the specific dissipation which results in resolving the fluctuations. The 

increase of the specific dissipation decreases the damping effect of turbulent viscosity. “Finally the 

result is having bigger unsteady fluctuation terms in the stagnation area of the room.”[32]  

Below the result of simulations for Absolute mean x directional velocity component on occupied 

line, located at R2 and R3 areas, for both constant and pulsatile flow (Q1) are presented:  
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Figure 32. The difference of Mean x velocity component at occupied zone in constant and pulsatile flow for 

Q1. The upper diagram is the resolved solution and the second one is from experiment.[29] 

 

In the diagram above the effect of pulsation appeared in the form of more agitation in velocity 

vectors in the central area of the domain.  

And for turbulent kinetic energy on the line y=0.151 m at occupied zone:  
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Figure 33. The upper diagram is the resolved TKE and the picture below is from the experiment [26, 29] 

 

Predicted turbulent kinetic energy for pulsatile flow is higher than its equivalent in constant velocity 

flow which is in an agreement with the experimental data. Moreover the magnitude of the resolved 

and measured data in simulation and experiment are in the same range, although the existing 

difference between them could be referred to the uncertainty about the initial flow equation and a 

stronger main backflow in simulation compared to the experiment. The same explanation could be 

valid for absolute mean x directional velocity component. 

4.3 Errors and Uncertainties in this study 

Uncertainty is a potential deficiency while error is a recognizable deficiency due to the lack of 

knowledge about the physical processes.[27] 

One way of determining uncertainty about turbulence models is to run the same case with different 

models and compare their results to see which model is closer to experimental data.  

Errors are recognizable and can be subdivided to: 

 Acknowledged errors: Computer round-off errors, Discretization error (Spatial and 

Temporal), Truncation error6, Iterative convergence, Physical modeling errors 

 Unacknowledged errors: Programming errors or usage errors 

                                           
6 Truncation error is the difference between the partial derivatives in the governing equations and 

their discrete approximations due to representation of a continuous variable in the computer by a 

finite number of evaluations 
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Among all errors above, the discretization error is of most concern to CFD application which 

comes from the quality of the grid.[27] 

But, the weakness of this thesis could be explained in terms of acknowledged error of physical 

modeling errors. This is: 

 A pure form of sine velocity oscillation used for pulse generator in this thesis selected with 

some degree of uncertainty. This form was chosen not only for the sake of simplification 

and lack of initial information but also due to a guess by observing the mechanical 

mechanism of pulse generator.   

 Feeding pipe upstream of the room model was assumed to have a fully developed flow, 

allowing to use turbulence intensity formulation for guessing initial conditions for 

simulation while, Fallenius et.al.[30] showed that flow at the inlet of the room model is 

still laminar.  

 

5. Conclusion 

In ventilated enclosures, transport equations are solved to predict mass, velocity, temperature, 

particle concentration or some turbulence variables in the case of turbulent flows.[2] The aim of 

this study was to find a suitable turbulence model to predict the effect of pulsation flow by 

comparing predicted turbulent kinetic energy and absolute mean x directional velocity component 

in both pulsatile and constant velocity flows with experimental data. 

From computational point of view two targets followed, first velocity profiles at boundary layers 

and second turbulent kinetic energy at occupied zone. It was found that the velocity profiles are the 

same for both models, SAS and SST k-ω, meaning that in the area near the walls both models are 

able to provide good predictions close to experiments. As an initial need for running SAS model, 

the SST-URANS model was calculated as well but no considerable difference found between its 

results and the steady-SST model regarding velocity profiles. For predicting turbulent terms, SAS 

model was used since the URANS models were not able to show the changes in the center of the 

domain.  
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All signs from higher turbulent kinetic energy, bigger size of boundary layer and more agitated 

velocity vectors in occupied zone show that pulsatile flow provides more energetic stream in the 

room which is in favor of mixing ventilation. Higher turbulent kinetic energy makes the flow more 

agitated and increases the flow perturbation which has the consequence of velocity vector growth 

in the target area (occupied zone) 
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Appendices 

Appendix 1. Transient velocity profile  

Transient velocity profile could be written in two forms:  

 Standard transient profile 

 Tabular transient profile 

The later approach selected to prepare a velocity profile for K-ω model. In Fluent 14.0, under 

“Solution activities” section, by using “Automatic Export” 20 ASCII files extracted when solation 

for transient pulsating flow in a pipe had been converged.  The interval time between exported files 

was set in a way to cover one full period, meaning 2 seconds.  

Each ASCII file was consist of 41 cells in 2-D geometry. For each cell, velocity profile contained(x-

coordinate, y-coordinate, x-velocity, y-velocity, turb-kinetic-energy, specific-diss-rate) 

Over the face of pipe, an average value for all cells calculated and considered as representative 

value for each filed. That is, five averaged values for (x-velocity, y-velocity, z-velocity, turb-

kinetic-energy, specific-diss-rate). 

Then 20 sets of average values were gathered in one file using tabular format as: 

 

 

 

 

 

 

 

 

 

Figure1. Transient velocity profile at the end of pipe for pulsatile flow to be used as the inlet boundary 

layer for main domain 
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Appendix 2. UDF code for Pulse 

User defined function to produce the desired pulsation flow at the inlet area: 

 

         Figure2. UDF code for sine wave generation 

 

 


